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ABSTRACT 
Objective: To investigate the effect of surface finish on wear of dental ceramics. 
Materials and Methods: 192 ceramic specimens (2×12×14 mm) were prepared using Vita 
Enamic, Vita Mark II, IPS e.max, and InCoris Zirconia TZI (n=48 for each material). Each material 
was divided into four main groups (n=12) according to their surface treatment (polished, machined, 
polished, then glazed, and machined, then glazed). Ceramics were subjected to 200,000 cycles 
against Vita Mark II using the two-body pin-on-plate linear wear tester under dead weight a load 
of 1 Newton. The wear performance of ceramic was determined using volume loss and wear depth. 
The antagonist’s wear was determined using height loss. Surface roughness was evaluated, and 
SEM was used to assess the microstructural changes.  
Results: ANOVA statistical analysis revealed a significant effect of wear on ceramics in terms of 
volume loss and wear depth (P<0.05). Vita Mark II, IPS e.max showed the most abrasive effect. 
InCoris Zirconia TZI showed excellent wear resistance, while Vita Mark II exhibited intermediate 
wear resistance. Glazed ceramics demonstrated more wear than non-glazed ceramics. Less wear 
was observed in polished ceramics compared to machined. Antagonist ceramics showed more 
vi 
 
abrasion on glass-matrix substrates than zirconia. Antagonist abrasion was less on Vita Enamic 
ceramics. A significant difference in surface roughness between materials before and after the wear 
test (P<0.05) was observed. Vita Enamic showed a rougher surface after wear test, while InCoris 
Zirconia TZI was smoother. 
Conclusion:  
Vita Mark II, IPS e.max CAD were very abrasive when opposed by Vita Mark-II than InCoris 
Zirconia TZI and Vita Enamic. The glaze layer showed increases wear. Therefore, polishing 
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Chapter 1. INTRODUCTION 
1.1 Background 
The regular use of ceramics in restorative dentistry is a relatively new phenomenon, but 
the demand for esthetic and long-lasting dental materials has been around for quite some time.1 
Looking back in history, dental technology was in use as early as 700 BC by the Etruscans, and 
the Romans during the first century BC. However, there was no innovation, and things remained 
unchanged until the end of the eighteenth century.1 The material of choice for the replacement of 
missing dentition during that time varied between human teeth, animal teeth, ivory, and mineral 
porcelain. Porcelain was widely used during that period.1 In 1723, Pierre Fauchard 2 was credited 
in the vital text, "Le Chirurgien Dentiste" to recognize the possibilities of porcelain to replace 
enamel and conduct research on porcelain to produce restorations with teeth-like and gingival-like 
color.2 In the 1950s, leucite was added to porcelain formulations, which elevated the thermal 
expansion coefficient, so porcelain fused to metal restorations could be used for that such full 
crowns and fixed partial dentures. Over the past years, improvements in metal-ceramic systems 
have dominated dental ceramics research, resulting in better alloys, porcelain metal bonding, and 
porcelains. The introduction in the 1980s of an all-ceramic shrink-free crown system and a cast-
able glass ceramic crown system offered extra flexibility to achieve esthetic results, introduced 
innovative methods of processing advanced ceramics, and stimulated renewed interest in all-
ceramic prostheses.1 Since then, research and development of restorative materials has continued 
until machining using CAD/CAM dentistry became a viable option for fabricating ceramic 
restorations as a forming method 1  
The properties of the current generation of restorative materials have been widely 
acknowledged to have improved due to improvements in advanced technologies. Some of these 
2 
advanced technologies, for example, Computer-Aided Design /Computer-Aided Manufacturing 
CAD/CAM, LASER-sinter, and 3D printing technology contributed to improving the mechanical 
and physical properties of dental materials3. High strength ceramic materials, hybrid composites, 
high precision alloys, polymers, and so forth are part of the latest advanced materials technology3. 
In particular, the technologies used in metal-free ceramics offer unchallenged advantages, superior 
consistency, reduced production costs, and improved feasibility3. 
Ceramic materials yield a natural tooth-like appearance along with exceptional mechanical 
properties.4 The primary reasons for their selection over other materials are their long-lasting 
chemical and wear properties, as well as their ability to be bonded.4 However, a significant problem 
encountered throughout their long-term clinical use is the wear of dental ceramics and opposing 
dentition.4 Wear in the oral environment is caused by physiologic or pathologic mechanisms that 
result in the loss of tooth surface substance (or restorations if present) and subsequent changes in 
tooth or restoration structures. Physiologic wear is caused by a gradual deterioration of the tooth 
surface, usually after abrasion and attrition.5 This causes the posterior teeth to flatten, while the 
anterior teeth' incisal edges are slightly shortened. Pathologic wear is typically associated with 
bruxism and clenching mechanisms, which cause significant attrition and unacceptable tooth 
damage. As a result, the functional path of masticatory movements is altered.5 Anterior teeth may 
also be involved, affecting esthetics and the teeth guidance function, putting additional stress on 
the masticatory system.5 The majority of wear occurs mainly on either antagonist dental enamel 
or both dental enamel and the dental ceramic restoration. Despite the fact that these issues have 
long been identified, there is yet to be an established method for determining the root causes of 
excessive wear.6 Therefore, extensive laboratory and clinical studies have been conducted to study 
the effect of wear observed in the currently accepted dental ceramics.6 
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1.2 Wear 
Generally, wear is a progressive phenomenon that involves the loss of surface materials 
due to relative motion between the surface and the contacting substance. Wear can be classified as 
scratching wear, sliding wear, rolling wear, or an all-in-all combination, depending on the type of 
relative motion. The presence of third-body particles (hard or soft) or liquid substances (acid or 
alkaline) between contacting damaged surfaces may influence the wear process. Wear is usually 
quantified by the measured amount of material lost, the mass removed, or the transition of some 
linear dimension during wear. These types are considered as a primary qualitative measure of most 
wear tests. In studies testing wear, these measures are still considered the most crucial qualitative 
predictor. Furthermore, wear can be assessed by examining worn surfaces (surface roughness, 
texture, glossiness) and examination of wear debris. 
There are various factors that influence and control the rate of wear—for instance, load on 
materials, environment temperature, contacting speed, and type of tested materials. Material loss 
resulting from mechanical sliding wear can be classified as 'severe' or 'mild.' The more significant 
the debris of the worn surface, the more extreme the wear, and vice versa. In ceramics, however, 
severe wear is associated with brittle fracture of the surface, whereas mild wear is associated with 
removing reacted debris. 
Wear in the oral cavity is defined as the loss of anatomical features of natural tooth structure 
or, if present, dental ceramic restorations.7 These changes may result from chronic pathological or 
physiological conditions. Due to the physiologic wear mechanism, losing tooth structural integrity 
(flattened cusps, worn incisal edges) may have a detrimental impact on other aspects of the 
patient's oral environment.8 Examples are unfavorable esthetics, tooth loss, essential teeth 
guidance, and increased stress on masticatory muscles, and quality of patient life. Therefore, a 
meticulous selection of restorative ceramic materials to restore worn dentitions is essential for 
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preserving the normal function of the patients’ dentitions and occlusal schemes.7 Ceramic 
materials become abrasive substances if they contact enamel or other ceramic restoration, while 
teeth function in the oral cavity.  
There are several important parameters that may be present when running a wear test that 
influences abrasion. Some of these parameters include normal load, sliding speed (moving 
velocity), type of motion, temperature, test environment (presence of lubricant), geometry, and 
microstructure of tested materials. In laboratory testing, only a few test parameters are normally 
controlled, such as the applied normal load, relative speed, and contact geometry. Lubrication, the 
test environment and atmosphere (including air humidity), the bulk temperature of the samples, 
and the mechanical dynamics of the test system are all factors that can influence the wear and 
friction that results. Abrasion can produce stresses that occur between the surfaces of the 
contacting materials. This stress may be high enough to cause fatigue cracks in the material, 
contributing to material loss caused by other wear processes. 
 There are some factors that clinicians may consider to minimize the abrasive nature of 
ceramic.9 The associated factors of the wear-resistant ceramic materials can be physical factors 
(hardness, friction, and fracture toughness), microstructural factors (porosity and shading), 
chemical factors (acidity), and surface treatment factors (polished, glazed/unglazed). 
The hardness of materials can be defined as the material's resistance to the induced 
mechanical forces. Materials differ in hardness due to their differing behavior under force. It 
depends on their intermolecular bonds, strength, plasticity, and toughness, etc. Dental ceramics are 
usually more robust than enamel and metal alloys.10 As a result, some may conclude that the 
tougher the restoration (ceramic or alloys), the stronger the abrasion of the antagonist enamel 
5 
surface would be. Since ceramic wear occurs by fracture mechanism, as opposed to alloys, wear 
occurs by plastic deformation, hardness alone may not be a good indicator of abrasion.11 
Sliding friction is the force resisting the relative motion of two solid surfaces sliding against 
each other. This phenomenon may not be relevant when applied to the oral cavity. The human jaw 
functions in three-dimensional movements rather than sliding. Teeth can also have different 
geometric shapes and contact patterns as dictated by the three-dimensional movement of the jaw.12 
This phenomenon may be applicable in patients with parafunctional habits because it represents 
sliding motion horizontally.12  The coefficient of kinetic friction can be governed by the surface 
topography of materials. Wear and coefficient of friction typically increase when ceramic surfaces 
are rough and when operating at high speeds and loads.13 Regardless of how well the ceramic 
surfaces are polished, there are always some micro-level irregularities (peaks and valleys) that 
contribute to the wear performance of materials. 
Furthermore, frictional resistance varies with the contacting materials and their 
environments. Friction between porcelain-to-porcelain contacts, for example, has been reported to 
be near twice that of porcelain-to-acrylic resin contacts and nearly three times that of enamel-to-
enamel contacts. 14 As a result, greater wear of porcelain against porcelain during sliding was 
predicted and confirmed in a subsequent in vitro two-body wear study. Acrylic resin's relatively 
good wear resistance against porcelain without a third body abrasive or an opposing hard, rough 
surface on porcelain has been attributed in part to the lower coefficient of friction between the 
materials. 14 
Fracture toughness can be defined as the ability of a material containing a crack to resist 
fracture. As previously stated, ceramic is brittle and wears by fracture mechanism rather than 
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plastic deformation; therefore, understanding the fracture toughness of ceramic materials is 
critical. Flaws in ceramics are expected to be a result of thermal coefficient mismatches or 
manufacturing process flaws.15 These flaws can act as stress concentrations and trigger cracks, 
which can spread and speed up the material's wear process or even cause catastrophic failure if the 
crack length is too long.16  
The porosity in ceramics has been linked to various reasons that may occur during the 
manufacturing of dental restorations. Rapid sintering of ceramics may limit the ability of air 
bubbles to escape and result in porous ceramic materials.17  Porous ceramics are defined as those 
with a high percentage of porosity ranging from 20% to 95%. These materials are composed of at 
least two phases, one of which is solid ceramic and the other of which is gas-filled pores.18 The 
presence of porosity in ceramics imparts undesirable properties, including decreased strength and 
esthetics of dental restoration. Moreover, the porous substrate of ceramic tends to possess more 
stress concentration areas, which may produce wear against the opposing dentition due to the sharp 
edge of the defects.17  
Most ceramic restorations are colored and shaded in the dental laboratory to improve the 
final restoration's appearance.19 Shading materials fill the microscopic irregularities found on the 
ceramic layer. Thus the surface roughness is reduced, and the initial wear against the opposing 
restoration/ enamel is reduced. However, shading materials contain hard metal oxide particles that, 
when applied, can produce porosity in the shading layer. Initially, minor wear-resistant is observed 
before the complete removal of the shading material's glassy phase.20 Later, the exposed metal 
oxide particles and the presence of porosities make the shading layer more abrasive. Once the 
shaded layer is removed, the material exhibits the same wear performance as unshaded ceramics.20 
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Maintenance of the oral environment near a neutral pH of 7 is essential for good oral health. 
An acidic pH can cause harm to the teeth by causing enamel erosion and tooth decay. Generally, 
solubility increases when the oral pH is reduced to a more acidic level. A patient with regurgitation 
issues can have a very acidic oral environment due to the exposure of the oral cavity to gastric 
content (pH 1).21 Therefore, there is a severe demineralizing effect not only on tooth structure but 
also on glassy restorative ceramics. In an acidic oral environment, fluoride gel application (as a 
caries protection mechanism) chemically attacks a glassy matrix of ceramic restoration and forms 
a water-soluble fluorosilicate layer.22 The ability of fluoride gel to etch the glassy phase of ceramic 
increases as the pH decreases. Crystals are formed as a result of elements lost from the ceramic 
surface, and the fluoride gel can increase the surface roughness of materials. Therefore, enamel 
and ceramic restorations in a highly acidic environment (pH 2.27 to 2.37) will have higher wear 
than less acidic environment.22 
Flaws and defects in ceramic materials are inevitable. They may occur either as fabrication 
defects or surface defects. Fabrication defects are created during processing and consist of voids 
occurring during sintering or micro cracks developed upon cooling (thermal coefficient 
mismatches). Surface defects are created during machining and grinding. The average flaw size 
varies from 20um to 50um. Glazing is a routine procedure employed in the production of ceramic 
restorations. It is a low fusing translucent (colorless) liquid/paste added to a ceramic to provide a 
smooth, shiny, and hygienic restoration. It closes exposed pores and surface flaws in ceramic. 
During chairside adjustment, the glaze layer is easily removed. Exposure to the substrate surface 
can accelerate the wear process on teeth, increase plaque deposition, and reduce the ceramic's 
strength. 
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Several studies 23 24 25 conducted over the years have provided differing but inconsistent 
results regarding the effects of surface treatment and ceramic wear. Some studies 26 27 found that 
the smoothness of a glazed surface was superior to that of a polished surface, while others found 
no significant difference between the glazed and polished surfaces, and still, others concluded that 
surface polishing could be equal to the smoothness achieved by surface glazing.9 In particular, 
some authors focused more on the effect of surface roughness and the wear of ceramic. It was 
found that the wear of polished ceramics increases initially and gradually decreases over time. This 
finding suggests that the effect of surface roughness on wear may be self-limiting. Some found 
more aggressive wear of the opposing teeth by a glazed surface than a polished surface.28  This 
may be explained by the higher modulus of rupture of glazed surfaces and greater roughness. 
Regardless of the inconsistent results, it can be concluded that the differences in surface roughness 
may be responsible for variations in the amount of enamel wear. Also, unglazed and unpolished 
ceramics wear antagonist enamel surfaces more than glazed and polished ceramics.29  
1.3 Wear Testing 
Wear testing research has expanded to offer a better understanding of the behavior of dental 
materials under given parameters. This expansion may aid in the improvement of the physical and 
chemical properties of dental materials. Wear testing has been performed in both clinical and 
laboratory settings, but clinical studies appear to pose more problems than laboratory studies. 
Clinical studies are time-consuming because a measurable amount of wear requires a more 
extended period. In addition, clinical studies have less control over related standard parameters 
than laboratory studies.30 
Various laboratory methods and techniques for quantifying wear have been utilized to 
achieve a better understanding of the wear phenomenon. The International Organization for 
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Standardization (ISO) published a Technical Specification on “Guidance on Testing of Wear” in 
2001, describing eight different test methods.31 They concentrated on the most common forms of 
wear tests, which were two- and three-body wear types. The presence of particles between two 
examination surfaces is commonly referred to as three-body wear, whereas particles are absent in 
two-body wear. Third-body particles (mixture of organic and inorganic slurries) are used to 
simulate the abrasive food effect seen in the oral environment. The Oregon Health Sciences 
University abrasion simulator, Alabama generalized, and Academic Centre for Dentistry 
Amsterdam wear simulators are examples of three-body wear simulators commonly used to 
evaluate material abrasion. On the other hand, Oregon Health Sciences University attrition, 
Alabama localized, Ivoclar-Willytec, and Munich-Willytec are examples of two-body wear 
simulators used to evaluate the attrition of materials.31 
For better research, the wear phenomenon of dental materials, wear test simulators must 
meet clinically relevant requirements. The forces generated by the simulator should mimic the 
masticatory forces of human teeth. The reported ranges of human teeth biting forces are 16 – 20N 
for molar teeth and 25 – 45N for incisor teeth. 32 33 Wear simulators should also be able to mimic 
the sliding distance of jaw movement.  The highest kinematic values of vertical jaw movement 
were reported to be between 16 and 20mm. It is recommended that contact time between wear 
equipment and test materials be kept the same during the entire test. Generally, humans' oral 
cavity-contacting time from 400 to 600ms per cycle of the jaw has been reported 32. Also, the wear 
simulator should be set to clear the worn debris whenever it is generated during the test. 
Replacement of the liquid (water) or abrasive media should be made at all times. On the other 
hand, the environment temperature of the medium has to be close to human oral temperature and 
food temperature (roughly 4.8-5.2 ◦C to 54.0-56 C). All of these requirements must be performed 
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with well-calibrated and repeatable measuring devices, and all of the measurements have to be 
made according to standard protocols.34  
1.4 Dental Ceramic 
Dental ceramics have been widely used in dentistry, and many attempts have been made to 
classify dental ceramics. The current classifications can vary depending on the structure, usage, 
method of development, or method of use. Newly available ceramic materials may not be well-
suited for classification. As a result, Gracie et al. attempted to categorize ceramics into three broad 
categories: glass-matrix ceramics, polycrystalline ceramics, and resin-matrix ceramics. The first 
category, the glass-matrix ceramics, is sub-divided into three sub-groups: naturally occurring 
feldspathic, synthetic ceramic, and glass infiltrated ceramic. The second category, the 
polycrystalline ceramics, are sub-divided into four sub-groups: alumina, stabilized zirconia, 
zirconia-toughened alumina, and alumina toughened zirconia. The third type, resin-matrix 
ceramics, is divided into several sub-groups according to their composition.35 
1.4.1 Feldspathic 
Feldspathic is a group of conventional ceramic materials which contain clay/kaolin 
(hydrated aluminosilicate), quartz (silica), and naturally occurring feldspar. The presence of 
feldspar increases the intrinsic strength of restoration and makes this porcelain suitable as a 
veneering material.35 The CAD/CAM block version of this ceramic is made using the same 
material, but due to well-controlled processing, it yields denser, more homogeneous, and more 
reliable specimens than conventional ones. This fabrication methodology improved flexural 
strength (130 MPa polished and 160 MPa glazed), reduced porosity, improved polishing properties 
without material loss, and decreased materials and tooth wear.36 Vita Mark II is an excellent 
example of feldspathic ceramic, which has good mechanical and physical properties; crystalline 
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phase of Albite (<20) (volume %), Modulus E = 72 GPa, Hardness = 602GPa, toughness = 1.2 
MPa m ½ and the strength = 122 MPa.37 Such properties made vita Mark II a clinically successful 
material with polishability and wear kindness to the tooth structure.  
1.4.2  Lithium Disilicate 
Lithium disilicate glass ceramics are a versatile material with excellent optical and 
mechanical properties for the fabrication of dental restorations.38 The partially pre-crystallized 
blocks are made up of 40% lithium metasilicate (Li2SiO3) crystals and 50% lithium disilicate 
(Li2Si2O5) crystal nuclei. The pre-crystalized phase (blue-phase) has a moderate strength 
(130MPa), making milling the restorations easier.  After milling, heat treatment (840–850 for 10 
minutes) determines the material's complete crystallization, and the flexure strength increases to 
up to 262 ± 88MPa.39 This gives them significantly more strength than competing glass and hybrid 
ceramics. 
1.4.3 Interpenetrating-Phase Ceramics 
The polymer infiltrated ceramic network (PICN) is a new ceramic material created by 
infusing a porous ceramic network with polymer. They are made up of 75% ceramic and 25% 
polymer by volume. The ceramic component contains 23% aluminium oxide, while the polymer 
component contains urethane dimethacrylate (UDMA) and triethylene glycol dimethacrylate 
(TEGDMA). Polymer-infiltrated ceramics have a flexural strength of about 150 MPa. Their 
chemical differences due to filler composition and the matrix-filler coupling mechanism may result 
in varying resistance to mechanical and chemical degradation of the materials.40 
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1.4.4 Yittra-Partially Stabilized Zirconia 
Yttrium-stabilized tetragonal zirconia polycrystals (Y-TZP) are currently used in the 
majority of zirconia-based ceramic systems. This material is known for its high strength of 
fracture relative to traditional dental porcelain. The mechanical properties of Y-TZP are the best 
recorded for any dental ceramic. It has a high resistance to fracture, superior flexural strength 
(900 -1000 MPa), and fracture toughness (5.5 to 7.4 MPa m^1/2).41 
1.5 Wear in Dental Ceramics  
High wear of ceramic products, antagonist enamel, or ceramic is commonly observed and 
regarded as a disadvantage of using dental ceramics in dentistry. Several in vitro and in vivo studies 
have been conducted to investigate and overcome this problem. Some researchers looked at 
ceramic wear against human enamel, human enamel against ceramic, and ceramic wear against 
other materials like ceramics, toothbrushes, polymers, etc. The aforementioned dental ceramic 
disadvantage and the factors that influence the wear process are discussed in the following section. 
Several studies have demonstrated that upon surface glazing or polishing, feldspathic 
(Mark II) ceramics are essentially equivalent to enamel against enamel. Also, no major differences 
in Mark II surface roughness were found before and after treatment. 42 
Arsecularatne et al. 4 conducted an in-vitro study to examine the wear pattern of polished 
glass ceramic against glass ceramic and enamel and discovered that the wear mechanism in 
ceramic was abrasion due to lateral crack extension (the glass crystals act as hard asperities). The 
roughness of the flat surface does not affect the coefficient of friction or the rate of wear.4 
D. Zurek et al. 43 compared the three-body wear behaviors of CAD/CAM lithium disilicate 
to the same material after different surface treatments (glazed and polished). After the wear test, 
the surface of the glazed ceramics became rougher, which he attributes to the presence of three-
body wear from debris. He also discovered that the wear rate was higher in the glazed groups than 
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in the polished groups.43 Mike Matzinger et al. 44 also concluded that polished ceramic materials 
seem to be even more effective than glazing as polished ceramic resulted in lower surface 
roughness than glazed ceramics44. 
M. Albashaireh et al. 45 in 2010 investigated the two-body wear resistance of five different 
ceramics opposed by un-veneered zirconia ceramic in terms of their microstructure, surface 
roughness, and flexure strength. They discovered that zirconia ceramics had significantly lower 
vertical and volumetric loss than other ceramics. Fluorapatite and nanofluorapatite glass ceramics 
wore significantly faster than leucite reinforced and lithium disilicate glass ceramics. Cracks and 
their propagation were the most common mode of fatigue observed in the tested ceramics.45  
In 2012, Verena Preis et al. 46 discovered that wear rates were higher in Zirconia ceramics 
after grinding than after polishing/re-polishing. The investigation was carried using a pin-on-plate 
wear tester of three types of zirconia ceramic and veneering ceramics opposed by human teeth. 
They also stated that reducing surface roughness combined with surface flaws may be even more 
important for the long-term performance of zirconia and veneering ceramics.46 
In 2007, S.D. Heintze et al. 47 conducted a systematic review of the existing literature on 
in vitro assessments of antagonist wear of ceramic materials to evaluate the potential influencing 
factors on material and antagonist wear of ceramic specimens. The results revealed that the 
following factors have a strong influence on wear: configuration (flat ceramics have more material 
wear versus crown-shaped samples), enamel thickness (thicker enamel has less wear), and surface 
treatment (glazed ceramics have more wear versus polished specimens). He explained that when 
glaze material is applied to ceramic, the surface is usually not polished, resulting in some surface 
roughness. When the antagonist wears the glazed layer, which is only 30–50 um thick, the 
antagonist hits the rough surface of the ceramic layer, causing increased antagonist wear. There 
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was a difference in material and antagonist wear between the standardized enamel cusp and the 
ceramic antagonist. Standard antagonists produced significantly less wear than ceramic 
antagonists in terms of material wear. Standardized antagonists showed significantly more wear 
than ceramic antagonists in terms of antagonist wear. As a result, total wear (material wear + 
antagonist wear) was nearly identical in both systems.47 
1.6 Statement of Problem 
Glazing and polishing are the standard surface treatment for dental ceramic restorations to 
improve surface finish, appearance, esthetic, and wear of opposing dentition. However, many 
laboratory and clinical studies show that surface finish may wear off after clinical use. As a result, 
the underlying material will be exposed to the oral environment. Questions remain about what 
happens to the exposed material in terms of mechanical and physical properties and the effects on 
opposing restorations. 
1.7 Objectives 
The goals of this study are as follows: 
1. To investigate the wear of four commonly used CAD/ CAM machinable dental ceramics 
(Vita Enamic, Vita Mark II, IPS e.max CAD, and InCoris Zirconia TZI.) against 
feldspathic (Vita Mark II) ceramic using a two-body wear simulator. 
2. To investigate the abrasion effect of ceramic with various surface treatments (machined, 
polished, machine, and glazed and polished and glazed) on antagonist feldspathic (Vita 
Mark II) ceramic. 
3. To investigate the surface roughness of ceramics and their various surface treatments 
before and after wear testing. 
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4. To investigate ceramic surface and microstructural changes following wear testing using 
Scanning Electron Microscopy SEM. 
1.8 Null Hypothesis:  
1- There is no effect of wear on ceramic materials (Vita Enamic, Vita Mark II, IPS e.max 
CAD, and InCoris Zirconia TZI.)  when tested against feldspathic (Vita Mark II) ceramic 
using a two-body wear simulator. 
2- There is no difference in abrasion of ceramic materials and their different surface treatment 
(machined, polished, machine and glazed, and polished and glazed) after wear testing.  














Chapter 2.  MATERIALS AND METHODS 
The purpose of this in vitro study was to examine the wear performance of restorative 
materials with different surface treatments against feldspathic dental ceramics. The study included 
four machinable ceramic blocks; feldspathic, lithium disilicate, interpenetrating phase ceramics, 
and 3% yttria partially stabilized zirconia. 
2.1 Materials 
The machinable ceramic blocks and their corresponding glaze materials tested in this study 
include: 
• Vita Mark II (Vita Zahnfabrik). Shade: A4C, Block size: 12x14x18 mm. Lot# 48640 
• IPS e.max CAD (Ivoclar Vivadent). Shade: HT A3, Block size: C14. Lot# Y12495 
• Vita Enamic (Vita Zahnfabrik). Shade: 2M2-HT, Block size: 12 x 14 x 18 mm, Lot# 59382 
• InCoris Zirconia TZI (inCoris Sirona). Shade: F1, Block size: mono L 20 x 19 x 15.5 mm, 
Lot# 2016249665 
• VITA AKZENT Plus GLAZE paste (Vita Zahnfabrik, Germany). Lot# 82150 
• IPS e.max CAD Crystall/Glaze paste (Ivoclar Vivadent, Liechtenstein). Lot# Y40270 
• Vita Enamic Glaze varnish (Vita Zahnfabrik, Germany). Lot# 74210 
2.2 Methods 
In this study, the pin-on-plate wear testing method was chosen as shown (Figure 1 A). This 
method is a two-body abrasion test for two materials against each other in sliding motion. The 
materials rub horizontally against each other for a pre-determined distance under a dead weight 
load for a certain number of cycles in a wet environment. The wear of the specimens was evaluated 
by measuring weight loss, height loss, and calculation of the volume loss of the specimens. 
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Figure 1: (A) Pin-on-plate 2-bodies wear simulator, (B) rods with 1 Newton weight, and (C) rods 
with antagonist specimens perpendicularly positioned on agonist ceramics attached to metal 
plates. 
2.2.1 Wear Simulator 
The wear simulator used in this study simulates a linear wear testing method. The machine 
is designed to hold antagonist specimens in the upper components and agonist specimens in the 
lower components. The upper component was movable.  This component had four antagonist 
specimens mounted onto the lower surfaces of four parallel metal rods. Each rod was loaded with 
100 grams to simulate an average in-vivo chewing force. The upper component with the rods 
carrying the antagonist specimens was joined to a motor by a rotation to linear motion drive arm 
provide a back and forth motion of the antagonist rod holder with a determined travel distance (for 
this study, a 74 mm distance was chosen). The antagonist specimens were mounted at the end of 
the metal rod. The metal rods carrying the antagonist specimens had the freedom to move up and 
down, forward and backward to a pre-determined travel distance. The holder restricted the lateral 
rotation movement of the antagonist rods (Figure 1 B, C). 
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The lower component was a water bath designed to hold metal plates carrying the different 
ceramic materials while the antagonist specimens connected to the upper apparatus. This 
component could hold up to 40 ceramic specimens at a time. The lower component had a container 
designed to contain running deionized water covering all the specimens during the test. A drain 
hole on the container side was available to drain the running water to minimize third-body wear 
from debris particles. 
2.2.2 Preparation of Antagonist Specimens 
As the opposing material in this wear test was feldspathic ceramic material, a Vita Mark II block 
was selected to be utilized as the source of the antagonist specimens in this study. Vita Mark II 
blocks were core drilled using a Palmgren 12” Drill Press (Palmgren Steel Products Inc., Illinois 
60563, USA) and metal bond-diamond core drill bur (Starlite Industries, Inc.). The antagonist 
specimens were drilled in rod-shaped 2.5 ± 0.2 mm in diameter and 5 mm in length (Figure 2 A 
and B). The antagonist specimens were subjected to a final grinding finish using a 15 µm grit disc 
on a polisher (Buehler EcoMet® 250 Grinder-Polisher Buehler Ltd., Lake Bluff, IL, USA) for few 
seconds. This ensured that all the surfaces of antagonist specimens were flashes/ledges free before 
the test. Later, the antagonist specimens were fixed onto the end surface of the metal rods using a 
low-temperature melt thermoplastic glue (Surebonder, L-270 Low-Temperature Glue Gun, FPC 
Corp. Wauconda IL 60084) (Figure 2 C).  
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Figure 2: (A) Antagonist specimens after core-drilled, (B) Palmgren press drill, and (C) 
antagonist specimens attached to rods. 
 
2.2.3 Preparation of Agonist Specimens 
All tested agonist ceramic specimens used for this experiment (Vita Mark II, IPS e.max 
CAD, Vita Enamic, and InCoris Zirconia TZI) were available ready-made ceramic blocks. Each 
ceramic block came with a glued metal holder designed for CAD/CAM technology. This aided in 
firmly positioning the ceramic blocks so that they could be cut to the desired dimensions. All 
ceramic specimens for wear testing were prepared into the following sizes: Thickness = 2.0 ± 0.2 
mm, width = 12.0 ± 0.2 mm, and length =14.0 ± 0.2 mm. 
A total of 192 tiles specimens were prepared and divided into four main groups for each 
material according to their different surface treatment as shown in (Table 1).  
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Table 1: The total numbers of agonist specimens and their surface treatment groups. 
Material Machined Polished Machined & Glazed Polished & Glazed Total 
Vita Mark II 12 12 12 12 48 
IPS e.max 12 12 12 12 48 
Vita Enamic 12 12 12 12 48 
InCoris Zirconia  12 12 12 12 48 
 
2.2.3.1 Sectioning  
All specimens were sectioned under water lubricant into the desired dimension using the 
linear precision saw (IsoMet 5000 Linear Precision Saw, Buehler Ltd., Lake Bluff, IL, USA). All 
the specimens were sectioned under a cutting-blade speed of 2000 rpm and a feed rate of 8.8 
mm/minute (Figure 3).  
 
Figure 3: (A) IsoMet 5000 Linear Precision Saw and (B) samples of sectioned agonist specimens 
before glaze application. 
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2.2.3.2 Grinding and Polishing 
Before the grinding and polishing phase could be completed, the InCoris Zirconia 
specimens required an additional step. They were fully sintered according to the manufacturer's 
recommendation (Table 2). VITA ZYrcomat T® furnace (Vita Zahnfabrik H., Rauter GmbH & 
CO.KG) was chosen to finish this stage. The specimens were then ready for the polishing phase. 
All agonist materials were prepared for the polishing stage after the InCoris Zirconia full-sintering 
step was completed. The grinding and polishing of the IPS e.max CAD specimens were done in 
their blue phase (not fully crystallized). 
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In order to standardize the grinding and polishing procedure, specimens were individually 
attached to metal cylinders using a low-temperature thermoplastic glue (Figure 4). The surface of 
192 specimens of each material was ground on one side with a Buehler grinding-polishing system, 
with graded diamond grit 15 µm underwater for few seconds under 10N constant load. This was 
to eliminate any excess or flash of material and to flatten the surface. Then, 96 samples (24 
specimens from each material) were polished on one side with 1-µm alumina suspension (Hi-
Purity Alumina Suspension De-agglomerated, Precision Surface International, INC. USA) applied 
to special pads for 4.00 – 5.00 minutes under a 10 N constant load (Figure 5). Some specimens 
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required a longer time to achieve the desired machined and polished surface; for instance, polished 
Zirconia TZI specimens. It was varied between 5.00 to 15.00 minutes under a 10 N constant load. 
As a result of the grinding and polishing phase, all the ceramic types had 24 polished specimens 
and 24 machined specimens. 
 
Figure 4: (A) Press-down device, (B) metal cylinders, and (C) attached agonist specimens to 
metal cylinders using low-temperature glue. 
 
 
Figure 5: (A) Buehler EcoMet® 250 polisher, and (B) agonist specimens being ground. 
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2.2.3.3 Glazing 
According to their manufacturer's recommendations, the glaze layer was applied to 12 
specimens of polished and 12 specimens of machined specimens of each ceramic material. The 
glaze layer application was performed using the one-time application brushing technique by 
ceramic brush size #01 (synthetic ceramist brush, Keystone). Evenness of the glaze layer thickness 
was achieved by applying gentle percussion around the corner of the specimen. The glaze layer 
thickness was obtained by measuring the thickness of the specimens before and after glaze 
application (Table 3). 
Table 3: Summary of the agonist ceramic materials used, glaze types, furnace types, and glaze 
layer thickness. 
Ceramic Material Glaze material Furnace Glaze layer 
thickness, mm 
Vita Mark II VITA AKZENT Plus 
GLAZE (Vita Zahnfabrik) 
Programat CS (Ivoclar 
Vivadent) 
 
0.11 ± 0.02 
 
IPS e.max CAD 
Crystall/Glaze (Ivoclar 
Vivadent) 
Programat CS oven 
(Ivoclar Vivadent) 
 





VITA AKZENT Plus 
GLAZE (Vita Zahnfabrik) 
VITA ZYrcomat T® 




0.12 ± 0.02 
VITA VACUMAT 6000 
Vita Zahnfabrik H.)) 
Vita Enamic (Vita 
Zahnfabrik), 
Vita Enamic Glaze 
varnish (Vita Zahnfabrik) 
ProCure 300 Light Oven 0.13 ± 0 .03 
 
24 
Paste glaze (Crystall/Glaze, Ivoclar Vivadent) was used for IPS e.max CAD specimens. 
The specimens were fired in a combined crystallization and glaze firing cycle using Programat CS 
furnace (Ivoclar Vivadent AG, FL-9494, Liechtenstein, Austria) according to the manufacturer’s 
recommendation (Table 4). 




































































For Vita Mark II specimens, VITA AKZENT Plus GLAZE paste was used. The specimens 
were fired using Programat CS furnace (Ivoclar Vivadent AG, FL-9494, Liechtenstein, Austria) 
(Figure 6 C) according to the manufacturer’s recommendations (Table 5). 
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For InCoris Zirconia TZI (inCoris Sirona), VITA AKZENT Plus GLAZE (Vita 
Zahnfabrik) was used. The specimens were fired using a vacuum furnace (VITA VACUMAT 
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6000, Vita Zahnfabrik H., Rauter GmbH & CO.KG) (Figure 6 B) according to the manufacturer’s 
recommendations (Table 5). 
For the Vita Enamic group, Vita Enamic Glaze varnish was used. The specimen’s surfaces 
were roughened using 5% hydrofluoric acid gel (Vita Adiva Cera-Etch) for 60 seconds and then 
thoroughly washed. The washed surfaces were silanized (Vita Adiva C-Prime), glaze varnish was 
applied using a small brush (VITA brush size 01), and polymerized under 350 – 500 nm spectral 
range using (ProCure 300 Light Oven, Keystone Industries, USA) for 5 minutes (Figure 6 D). 
 
Figure 6: Frances used in preparing specimens (A) VITA VACUMAT 6000, (B) VITA 
ZYrcomat T®, (C) Programat CS oven, and (D) ProCure 300 Light Oven. 
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2.2.4 Performing the Wear Test 
After preparation, agonist and antagonist specimens were cleaned in water for 30 seconds 
using Quantrex Ultrasonic cleaning systems and dried using paper towels.  Then, they were placed 
in the drying oven for 10 minutes at 50 °C and then on the bench at room temperature for twenty-
four hours to ensure complete dryness. After completing the drying stage, they were weighed using 
a digital balance (AB204-S, Mettler Toledo) (Figure 9). The same procedure was done after 
completing the wear test. The weight of the specimens was measured again using a digital balance.  
Six ceramic specimens were mounted flat on a metal plate using low-temperature 
thermoplastic glue. Specimens were lined close to each other to avoid any ledged effect when 
testing them.  Then, the plates were screwed into the lower part of the wear simulator. The lower 
compartment can accommodate four plates at a time and a total of 24 agonist ceramic specimens 
at a time, as shown in (Figure 7) a rod with antagonist specimen perpendicularly positioned on 
agonist ceramic that attached to the metal plate. 
 
Figure 7: Geometric configuration of two-body wear abrasion. Rod with antagonist specimens is 
being perpendicularly positioned on agonist ceramics attached to metal plates. Black arrows 
indicate load and sliding direction. 
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One antagonist ceramic specimen was mounted onto the end surface of the metal rod using 
low-temperature thermoplastic glue. Then, it was placed perpendicularly on the plate with attached 
agonist specimens. One rod was rubbing against six pieces of specimens of the same type of 
agonist ceramic. At each run, there were four rods over four plates (4 antagonist specimens over 
24 specimens of agonist).  
Mounted specimens underwent 200,000 cycles (400,000 strokes) at the rate of 50 cycles/ 
min for 74 mm sliding distance under a constant load of 100 grams. Each stainless steel weight 
was designed in a hollowed cylindrical shape that was secured on each rod.  
Glazed Vita Enamic specimens were subjected to an extra 700,000 cycles (14,000,000 
strokes) to complete glaze layer penetration that did not occur after 200,000 cycles. 
Deionized water was constantly flowing in and out of the lower apparatus chamber at a 
slow flow rate to remove any particles wear from worn surfaces. Antagonist specimens were 
changed and weighed as soon as the antagonist specimen was worn down. 
2.2.5 Quantitative Analysis of Wear Testing  
2.2.5.1 Height Loss Measurement 
The length of every rod carrying antagonist specimens was measured before and after the 
wear, test using a digital meter (Absolute, Mitutoyo Corp., Japan) (Figure 8). During the wear 
testing, antagonists that were worn entirely down were replaced with new ones. Some antagonist 
specimens fractured during wear testing; if the fracture was minor, it was replaced with new rods; 
otherwise, it was excluded from the experiment if it was more significant or could not be measured. 
The difference between the total height of each rod opposed by ceramic material before and after 
the test was calculated and considered the height loss of antagonist specimens. 
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Figure 8: Absolute digital meter, Mitutoyo Corp., Japan. 
 
2.2.5.2 Weight loss measurement 
For the antagonist samples, the weight of the metal rod and the attached antagonist 
specimen was measured before and after the test using a precise analytical digital balance (AB204-
S, Mettler Toledo) (Figure 9). It calibrates automatically 24 hours a day using internal calibration 
weights of 200g. It accepts weighing ranges from 0 to 201g and has readability and repeatability 
of 0.1mg. After the test, the rods were thoroughly rinsed and dried with a paper towel. They were 
air-dried for 48 hours to dry before being measured. The weight loss was calculated by measuring 
the difference between the metal rod and attached antagonist specimen weight before and after the 
wear test.  
For the agonist specimens, the same technique was done for each specimen before and after 
the wear test. The agonist weight loss was calculated by measuring the difference between the 
specimen’s weight before and after the test.   
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Figure 9: AB204-S, Mettler Toledo Digital scale. 
 
2.2.5.3 Wear depth calculation 
The wear depth of agonist specimens was measured using an electronic drop indicator 
(Mitutoyo Absolute, Japan) after completing the wear test (Figure 10). The adjacent unworn 
surface of the agonist specimen was used as a plane reference to measure the maximum depth of 
the worn surface. Three readings were obtained from each specimen. The average of three readings 
was considered the wear depth of the agonist specimens.  
The same measuring technique was also used to observe the glaze layer penetration of 
agonist glazed specimens. The wear simulator was frequently interrupted to measure the wear 
depth in glazed specimens to the predefined glaze layer thickness. When penetration was 




Figure 10: Electronic drop indicator, Mitutoyo Absolute, Japan. 
 
2.2.5.4 Volume loss calculation 
Volume loss was obtained using a 3D non-contact optical profilometer (Keyence, Wide-
area 3D-Measurement, VR-series-5000, USA) (Figure 11). Each agonist specimen was scanned 
and analyzed by Keyence software. Keyence software provided a 3D measurement of the 
maximum height, minimum height, convex/ concave area, and convex/ concave volume. For the 
relation to height calculation, the unworn surface of specimens was used as a zero plane. The “zero 
plane” is used to compensate for any tilt the part may have on the stage and establish a plane from 
which all measurements are taken. As a result, any heights or depths are calculated using this 
average plane. Also, because this is not a testing area, the area should not vary significantly from 
one part to the next. This ensures that the measurements are consistent.  The area of the concave 
volume was then determined in relation to the zero plane. The volume loss of agonist specimens 
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was determined using the average concave region in the worn portion of the specimen. The 
obtained volume loss value was then normalized in respect to the percentage of the wear 
percentage of each agonist specimens.  
 
Figure 11: Keyence, Wide-area 3D-Measurement, VR-series-5000, USA. 
 
 2.2.5.5 Surface roughness measurement 
Surface roughness was measured using a contacting surface roughness device (SJ-201 
Surface Roughness Tester, Mitutoyo, Japan) (Figure 12 A). Before the wear test, each specimen 
was securely placed flat. The stylus tip was placed at 90 degrees over the specimen with a tip 
radius of 5µm (Figure 12 B). It was also set to travel a cut-off length of 0.8 mm. Results were 
determined as (Ra-before). Following the wear test, the same technique was used to determine the 
surface roughness (Ra-after). Readings were obtained by placing the profilometer's stylus on the 
wear grooves of specimens. 
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The measurement of surface roughness was also obtained by utilizing the 3D non-contact 
optical profilometer (Figure 11). Specimens were scanned and analyzed via Keyence software. 
The zero plane reference of measurement was set on the unworn surfaces adjacent to the wear 
groove. The surface roughness area (Sa) was measured for both the wear groove and the unworn 
surface (wear groove sides).  The average of Ra before and after the wear test was calculated. 
 
Figure 12: (A) SJ-201 Surface Roughness Tester being calibrated at 3.05 µm and (B) the stylus 
tip while measuring the surface roughness on a ceramic specimen. 
 
2.2.6 Qualitative Analysis of Wear Testing 
2.2.6.1 Scanning Electron Microscopy SEM Analysis 
To better understand the wear properties of the tested specimens, a visual analysis of 
surfaces was performed using scanning electron microscopy SEM (SU6600 Hitachi Field 
Emission Scanning Electron Microscope, Hitachi, Ltd. Tokyo, Japan). Specimens were examined 
using a secondary electron detector to identify and evaluate any particle characterization changes, 
such as flaws, debris, contaminants, corrosion, or microstructural changes. 
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Random specimens from each group were selected and cleaned thoroughly using 90% 
isopropyl alcohol solution. Once the specimens were completely dried, they were mounted 
securely onto the aluminum stub (SPI Supplies; West Chester, PA). The specimens were then 
sputter-coated with gold/palladium using a sputter coater machine (Hummer II Technics, 
Alexandria, Virginia) (Figure 13). Each specimen’s surface was scanned in the SEM under an 
acceleration voltage of 15kV.  
 
Figure 13: (A) Sputter coater machine, (B) sputtering chamber, and (C) sputtered ceramic 
specimens. 
 
2.2.6.2 Three Dimensional Color Mapping Analysis  
The optical profilometer was used to examine and evaluate the structure of specimens after 
the wear test. Specimens were scanned using Keyence optical profilometer (Keyence, Wide-area 
3D-Measurement, VR-series-5000, USA) (Figure 11) and analyzed using analytic software. A 3D 
image of the examined specimens was generated to a color scale that maps higher elevations in 
red and lower elevations in blue. Images were taken under 50x magnification and in the 
observation area (1024 × 768 pixels). The color-scaled images were overlaid on top of raw images 
of the specimens, creating an enhanced display of the wear topography. The 3D images of the 
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specimens were also viewed in X, Y, and Z axes, which enabled the images displayed according 
to the size of the image in a 3D rotational position. 
2.2.7 Statistical Analysis 
The quantitative data from this laboratory study was statistically analyzed to see any 
variation in the results. The measurement of volume loss, wear depth, height loss, and surface 
roughness was analyzed statistically using JMP Pro (Version 15.0.0 SAS Inc., Cary, NC). Their 
descriptive statistical data were represented by the mean and standard deviation. Their statistical 
significance was measured at a P value of < 0.05. To compare the means of the different groups, 
the Analysis of variance (ANOVA) test was used. The Tukey HDS test was also used to determine 
whether there was a significant difference between the groups tested (the level of significance was 









Chapter 3. RESULTS 
3.1. Wear Test’s Results of Agonist Ceramic Specimens   
3.1.1. Volume Loss Results  
The normalized volume loss means (mm3) of various agonist ceramic materials after 
200,000 cycles and an additional 700,000 cycles for the Vita Enamic glazed group only were 
calculated and represented graphically in (Figure 14). Generally, IPS e.max CAD materials 
displayed the most significant volume loss among the rest of the materials. Vita Mark II materials 
showed the second highest volume loss, followed by Vita Enamic, and InCoris Zirconia had the 
lowest volume loss. The volume loss was also assessed in relation to the various surface treatments 
of the investigated ceramics. The descriptive data of the volume loss of the materials and their 
surface treatment are presented in (Table 6). 
An ANOVA test revealed a statistically significant difference among the test group (P 
value = 0.0001). Tukey HDS test was used to determine the statistical difference between ceramic 
materials, surface treatments, and the interaction between these two variables, as shown in table 
(Table 7). 
Running the linear regression analysis revealed that the effect of volume loss by tested 
materials (P value = 0.0001) and their surface treatment (P value = 0.0015) was statistically 
significant. Furthermore, linear regression analysis revealed that when those factors (materials and 
surface treatment) interacted, the volume loss showed a statistically significant difference with P 
value = 0.0148 (Table 8).  
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Wear test on glazed Vita Enamic specimens showed no glaze layer penetration after 
200,000 cycles. The same specimens were subjected to an additional 700,000 cycles to ensure that 
the glaze was penetrated. No significant statistical difference was observed when statistically 















Figure 14: Mean of Norm Vol Loss (mm3) vs. materials and their surface treatment 
at 200K cycles and additional 700K cycles of Vita Enamic glazed group. 
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Table 6: Summary table of the mean and standard deviation of Norm Vol Loss (mm3) of 
materials and their surface treatment. 
  Norm Vol Loss, mm3 






















M 12 3.63 1.75 
M+G 12 3.41 2.04 
P 12 3.51 0.64 





M 12 0.89 0.69 
M+G 12 2.67 1.98 
P 12 1.51 0.92 





M 12 2.93 1.29 
M+G 12 3.11 1.37 
P 12 1.81 0.79 





M 12 0.36 0.22 
M+G 12 1.63 0.57 
P 12 0.18 0.3 






M+G 12 2.67 1.98 
P+G 12 1.88 1.49 
 
Table 7: Summary of connecting letters report for volume loss (mm3) of all materials group 
using Tukey HSD. 
Level Surface treatment Connecting letters report 
E.max M A     
E.max P A     
E.max M+G A B    
Mark II P+G A B C   
Mark II M+G A B C   
Mark II M A B C   
E.max P+G A B C   
Enamic M+G A B C D  
Zirconia P+G A B C D E 
Enamic P+G A B C D E 
Mark II P A B C D E 
Zirconia M+G  B C D E 
Enamic P   C D E 
Enamic M    D E 
Zirconia M     E 
Zirconia P     E 
38 
 
Table 8: Effect summary table of volume loss (mm3) of all groups of the whole model. 
Source Nparm DF Sum of 
Squares 
F Ratio Prob > F 
Materials 3 3 155.33809 29.6600 <.0001* 
Surface treatment 3 3 27.94074 5.3350 0.0015* 
Materials*Surface treatment 9 9 37.29585 2.3737 0.0148* 
 
3.1.2 Wear Depth Results  
The wear depth means (mm) of various agonist ceramic materials after 200,000 cycles and 
an additional 700,000 cycles for Vita Enamic glazed groups were only calculated and represented 
graphically (Figure 15). Generally, Vita Mark II showed the most significant wear depth among 
the materials. The second highest wear depth was achieved by IPS e.max CAD, followed by Vita 
Enamic, and InCoris Zirconia had the lowest wear depth. The wear depth was also evaluated in 
relation to the different surface treatments. The descriptive data on wear depth caused by materials 
and surface treatment are presented in (Table 9). 
An ANOVA test revealed a statistically significant difference among the tested group (P 
value = 0.0001). The Tukey HDS test was used to determine the statistical difference between 
ceramic materials, their various surface treatments, and the interaction between these two 
variables, as shown in table (Table 10). 
Running the linear regression analysis revealed that the effect of wear depth by materials 
(P value = 0.0001) and their surface treatment (P value = 0.0001) were statistically significant. 
Furthermore, the linear regression analysis revealed that when those factors (materials and their 
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surface treatment) interacted, the wear depth showed a statistically significant difference (P value 
= 0.0001) (Table 11). 
Glazed Vita Enamic specimens showed no glaze layer penetration after 200,000 cycles. 
They were subjected to an additional 700,000 cycles to ensure that the glaze was penetrated. There 
was a significant difference (P value = 0.0001) when statistically analyzed with respect to the wear 
depth.  
 
Figure 15: Mean of wear depth (mm) vs. materials and their surface treatment at 200,000 cycles 






Table 9: Summary table of the mean and standard deviation of wear depth (mm) of materials and 
their surface treatment. 
  Wear depth, mm 














M 12 0.133 0.025 
M+G 12 0.148 0.022 
P 12 0.121 0.013 





M 12 0.039 0.04 
M+G 12 0.037 0.024 
P 12 0.109 0.028 





M 12 0.138 0.032 
M+G 12 0.133 0.025 
P 12 0.146 0.05 




M 12 0.014 0.006 
M+G 12 0.105 0.016 
P 12 0.027 0.015 





M+G 12 0.077 0.027 
P+G 12 0.137 0.018 
 
 
Table 10: Summary of connecting letters report for wear depth (mm) of all materials group using 
Tukey HSD. 
Level Surface treatment Connecting letters report 
Mark II P+G A    
E.max M+G  B   
Mark II P  B   
Mark II M  B C  
E.max M  B C  
Mark II M+G  B C  
E.max P  B C  
E.max P+G  B C  
Enamic P  B C  
Zirconia M+G   C  
Zirconia P+G   C  
Enamic M    D 
Enamic M+G    D 
Zirconia P    D 
Enamic P+G    D 
Zirconia M    D 
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Table 11: Effect Summary table of wear depth (mm) of all groups of the whole model. 
Source Nparm. DF Sum of 
Squares 
F Ratio Prob > F 
Materials 3 3 0.35822953 151.0982 <.0001* 
Surface treatment 3 3 0.02494446 10.5214 <.0001* 
Materials*Surface treatment 9 9 0.15102339 21.2335 <.0001* 
 
3.1.3 Surface Roughness (Ra) Results 
The mean surface roughness (Ra) of different agonist ceramic groups before and after the 
wear test was measured and represented graphically (Figure 16).  
The surface roughness (Ra) was also evaluated in relation to the different surface 
treatments of agonist ceramic materials. The descriptive data on surface roughness seen on agonist 
ceramic materials and their surface treatment are presented in (Table 12).  
An ANOVA test revealed that there was a statistically significant difference among the 
tested groups. The P value of surface roughness among different groups (before and after) wear 
test was (P value = 0.0001). To clarify the difference among the groups, Tukey HSD test was 
performed. The linear regression analysis revealed that surface roughness Ra (before and after) 
was significant for overall materials (P value = 0.0001) and significant for surface treatment (P 
value = 0.0001). Moreover, a significant difference was also observed when those two factors 
(materials and their surface treatments) interact with each other (P value = 0.0001) (Table 13). The 
response of surface roughness before and after is represented in (Figure 17). Vita Enamic, Vita 
Mark II, and IPS e.max CAD with various surface treatments exhibited increased surface 
roughness after the wear testing. Vita Enamic groups had the roughest surface, followed by Vita 
Mark II and IPS. e.max CAD. InCoris Zirconia groups with various surface treatments, on the 
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other hand, demonstrated smoother surface roughness after wear testing than the other tested 
ceramics. Glazed Vita Enamic groups showed no glaze layer penetration after 200,000 cycles. 
They were subjected to an additional 700,000 cycles to ensure that the glaze was penetrated. A 
significant difference was observed (P value = 0.0001) when statistically analyzed with respect to 
surface roughness before and after running the wear test. 
 
 
Figure 16: Mean of surface roughness Ra before (µm) and mean of surface roughness Ra after (µm) 




Figure 17: Surface roughness Ra response of all materials before and after. Least square mean of 
overall response, materials response, and surface treatment response. 
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Table 12: Summary table of the mean and standard deviation of surface roughness before (µm) 
and surface roughness after (µm) of agonist specimens ceramic materials and their different 
surface treatments at 200,000 cycles and 900,000 cycles for Vita Enamic. 
 Ra before, µm Ra after, µm 
Cycles Materials Surface 
treatment 
N Mean Std. 
Dev. 






















M 12 0.05 0.02 12 0.02 0.01 
M+G 12 0.13 0.05 12 0.03 0.01 
P 12 0.03 0.01 12 0.01 0.005 





M 12 0.16 0.01 12 0.34 0.23 
M+G 12 0.02 0.01 12 0.02 0.01 
P 12 0.03 0.01 12 0.66 0.17 





M 12 0.17 0.02 12 0.21 0.07 
M+G 12 0.12 0.02 12 0.2 0.09 
P 12 0.02 0.01 12 0.21 0.04 





M 12 0.08 0.01 12 0.02 0.01 
M+G 12 0.09 0.02 12 0.04 0.02 
P 12 0.01 0.004 12 0.02 0.02 






M+G 12 0.02 0.01 12 0.21 0.05 
P+G 12 0.02 0.01 12 0.19 0.05 
 
Table 13: Effect summary table of surface roughness before (µm) and surface roughness after, 
um) of all agonist materials groups & their source of interaction (whole model). 
Sources Test Value Exact F NumDF DenDF Prob>F 
All Between 
 
F Test 5.1792248 60.7696 15 176 <.0001* 
Materials F Test 1.57515 92.4088 3 176 <.0001* 








3.1.4 Area Surface Roughness (Sa) Results 
The mean area surface roughness (Sa) of different agonist ceramic groups before and after 
the wear test was measured and represented graphically (Figure 18).  
The area surface roughness (Sa) was also evaluated in relation to the different surface 
treatments of agonist ceramic materials. The descriptive data on surface roughness seen on agonist 
materials and their surface treatment are presented (Table 14).  
An ANOVA test revealed that there was a statistically significant difference among the 
tested groups. The P value of surface roughness among different groups (before and after) wear 
test was (P value = 0.0001). To clarify the difference among the groups, Tukey HSD test was 
performed. The linear regression analysis revealed that the surface roughness (before and after) 
was significant for overall materials (P value = 0.0001), for surface treatment (P value = 0.0001) 
and the interaction between them (P value = 0.0001) (Table 15). The response of surface roughness 
before and after is represented in (Figure 19). Vita Enamic materials had the roughest surface after 
the test, followed by Vita Mark II, whereas IPS e.max CAD and InCoris Zirconia had the 
smoothest surface after the test. The tested ceramic materials (Vita Enamic, Vita Mark II, and IPS 
e.max CAD) with various surface treatments exhibited increased surface roughness after 
completing the wear testing. Vita Enamic groups had the roughest surface, followed by Vita Mark 
II and IPS. e.max CAD. InCoris Zirconia groups with various surface treatments, on the other 
hand, demonstrated smoother surface roughness after wear testing than the other tested ceramics. 
Glazed Vita Enamic specimens showed no glaze layer penetration after 200,000 cycles. 
They were subjected to an additional 700,000 cycles to ensure that the glaze was removed. A 
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significant difference was observed (P value = 0.0018) with respect to area surface roughness (Sa) 
before and after running the wear test. 
 
 
Figure 18: Mean of area surface roughness Sa before (µm) & mean of area surface roughness Sa 
after (µm) vs. materials and their surface treatment. 
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Figure 19: Area surface roughness Sa response of all materials before and after. Least square 
mean of overall response, materials response, and surface treatment response. 
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Table 14: Summary table of the mean and standard deviation of area surface roughness (Sa) 
before, µm) and area surface roughness (Sa) after (µm) of agonist specimens ceramic materials 
and their different surface treatments at 200,000 cycles and 900,000 cycles for Vita Enamic. 
 Sa before, µm Sa after, µm 





















M 11 4.6 1.2 12 14.1 5.54 
M+G 12 8.25 3.4 12 14.6 3.25 
P 12 1.74 0.59 12 17 4.01 





M 12 0.81 0.33 12 9.08 4.29 
M+G N/A . . N/A . . 
P 12 4.45 0.93 12 10.4 3.94 





M 12 1.13 1.02 12 13 5.1 
M+G 12 5.54 1.94 12 10.7 2.5 
P 12 3.47 0.62 12 14.5 10.7 





M 12 1.91 1.3 12 1.55 1.02 
M+G 12 7.18 2.79 12 5.54 2.11 
P 12 2.22 0.44 12 3.02 0.73 





M+G 12 7.62 5.76 12 9.06 6.45 
P+G 12 8.31 3.89 12 7.28 3.28 
 
 
Table 15: Effect summary table of area surface roughness (Sa) before (µm) and area surface 
roughness (Sa) after (µm) of all agonist materials groups and their source of interaction (whole 
model). 
Sources Test Value Exact F NumDF DenDF Prob>F 
All Between 
 
F Test 5.1792248 60.7696 15 176 <.0001* 
Materials F Test 1.57515 92.4088 3 176 <.0001* 




F Test 3.2193185 62.9556 9 176 <.0001* 
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3.2 Wear Test’s Results of Antagonist Materials 
3.2.1 Height Loss Results 
The height loss means (mm) of antagonist specimens against ceramic materials after 
200,000 cycles, as well as an additional 700,000 cycles for agonist Vita Enamic were calculated 
and graphically represented in (Figure 20). 
 Among the other materials, the antagonist specimens on the agonist Vita Mark II group 
had the most significant height loss. Antagonist specimens on IPS e.max CAD agonist displayed 
the second highest height loss, followed by InCoris Zirconia agonist materials, and Vita Enamic 
agonist had the lowest height loss.  
The height loss was also evaluated in relation to the different surface treatments of agonist 
ceramic materials. The descriptive data on height loss caused by agonist materials and their surface 
treatment are presented in (Table 16). 
An ANOVA test revealed a statistically significant difference among the tested group (P 
value = 0.0001). Tukey HDS test was used to determine the statistical difference between agonist 
ceramic materials and their various surface treatments. The test was carried in respect to the height 
loss of antagonist specimens, as well as the interaction between the materials and their surface 
treatment variables as shown in (Table 17). 
Running the linear regression test revealed that the effect of height loss of antagonist 
specimens by agonist materials (P value = 0.0001) and by their surface treatment (P value = 0.023) 
was statistically significant. However, the least square means revealed that when those factors 
interacted, the height loss was statistically insignificant (P value = 0.0527) (Table 18). 
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Glazed Vita Enamic specimens showed no glaze layer penetration after 200,000 cycles. 
They were subjected to an additional 700,000 cycles to ensure that the glaze was penetrated. There 




Figure 20: Mean height loss (mm) vs. agonist materials and their surface treatments at 200K 





Table 16: Summary table of the mean and standard deviation of height loss (mm) of antagonist 
specimens on agonist ceramic materials and their different surface treatment. 
 Hgt. loss, mm 
Cycles Agonist Material Agonist Surface 
Treatment 






















M 2 0.98 0.24 
M/G 2 3.45 0.95 
P 2 0.52 0.18 





M 2 0.11 0.08 
M/G 2 0.06 0.01 
P 2 0.485 0.11 





M 2 2.98 1.44 
M/G 2 2.415 0.69 
P 2 2.12 0.34 





M 2 0.535 0.25 
M/G 2 1.17 0.54 
P 2 0.53 0.34 





M/G 2 0.085 0.01 
P/G 2 0.08 0.01 
 
Table 17: Summary of connecting letters report for height loss (mm) of antagonist specimens 
according to their agonist ceramic materials and surface treatment using Tukey HSD. 
Level Surface Treatment Connecting letters report 
E.max M+G A   
Mark II P+G A   
Mark II M A B  
E.max P+G A B  
Mark II M+G A B C 
Mark II P A B C 
Zirconia P+G A B C 
Zirconia M+G A B C 
E.max M A B C 
Zirconia M  B C 
Zirconia P  B C 
E.max P  B C 
Enamic P  B C 
Enamic M   C 
Enamic M+G   C 
Enamic P+G   C 
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Table 18: Effect summary table of height loss (mm) of all antagonist specimens according to 
their agonist materials groups (whole model). 
Source Nparm DF Sum of 
Squares 
F Ratio Prob > F 
Agonist Material 3 3 29.667609 22.8297 <.0001* 
Agonist Surface Treatment 3 3 5.410034 4.1631 0.0233* 
Agonist Material*Agonist Surface 
Treatment 
9 9 9.745053 2.4997 0.0527 
 
3.3 Qualitative Analysis of Wear Test 
3.3.1 Scanning Electron Microscope (SEM) 
3.3.1.1 Examination of Agonist Ceramics 
Agonist ceramic specimens were chosen and prepared for SEM examination. The images 
in this section were captured under magnifications of 20x, 500x, 2000x, and 5000x. 
SEM images showed that the polished (unglazed) IPS e.max CAD surface became rougher 
after the wear test with a well-defined groove (Figure 21). Along the sliding direction, IPS e.max 
CAD ceramic becomes rougher with some identified abrasion features. The worn surface had a 
mix of smoothened and rough surfaces (Figure 22). SEM images of the worn surfaces reveal micro 
cracks and asperities caused by the wear mechanism of IPS e.max CAD ceramic (Figure 23). 
SEM images also showed that glazed IPS e.max CAD had abrasion features that can be 
identified. The wear groove became well-defined after completing the wear test and the glaze layer 
penetration (Figure 24). At higher magnification, the exposed underlying structure appeared to 
have a mixture of rough and smooth phases inside the wear groove. The presence of asperities and 
micro cracks caused by wear was discovered on an SEM image (Figures 25, 26). 
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Figure 21: SEM image of polished (unglazed) IPS e.max CAD under 20x magnification showing 
the wear groove after wear test. The white arrow indicates the wear path direction. 
 
Figure 22: SEM image of polished (unglazed) IPS e.max CAD showing the wear groove under 




Figure 23: SEM image of polished (unglazed) IPS e.max CAD inside the wear groove under  
2000x magnification. Black arrows indicate the micro cracks seen near the rough phase. 
 
Figure 24: SEM image of glazed IPS e.max CAD under 20x magnification showing the wear 




Figure 25: SEM image of glazed IPS e.max CAD inside the wear groove surface under 500x 
magnification. After the glaze layer was removed and the underlying structure was exposed, a 
mixture of rough and smooth regions was present. 
 
Figure 26: SEM image of glazed IPS e.max CAD after wear test and glaze layer removal under 
2000x magnification. Arrows indicate the presence of Asperities in the worn surfaces. 
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SEM images of machined Vita Mark II (unglazed) ceramic showed a well-defined wear 
groove with abrasion features on worn surfaces (Figure 27). After the wear test, the worn surface 
became rougher. Some surfaces appeared to be smoothed along with the sliding distance, 
particularly near the edges of the wear groove. Higher magnifications revealed the presence of 
micro cracks and asperities (Figures 28, 29). 
SEM images also revealed that the surface of glazed Vita Mark II became rougher after the 
wear test. Scratches were observed along the sliding direction (Figure30). Multiple voids were 
identified in the glaze layer, especially near the sides of the wear groove (circle in Figure 30).  
These voids were caused by trapped air bubbles that formed during the glaze firing stage. 
Asperities and micro carks associated with the wear mechanism were discovered at higher 
magnification (Figures 31, 32). 
 
 
Figure 27: SEM image of machined Vita Mark II (unglazed) ceramic under 20x magnification 
showing the wear groove after wear test. The white arrow indicates the wear path direction. 
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Figure 28: SEM image of a machined Vita Mark II (unglazed) under 500x magnification inside a 
wear groove revealing a rough and smooth phase mixture surface. 
 
Figure 29: SEM image of a machined Vita Mark II (unglazed) under 2000x magnification inside 
a wear groove revealing micro cracks and asperities. 
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Figure 30: SEM image of glazed  Vita Mark II under 20x magnification showing the wear 
groove after the wear test. The white arrow indicates the wear path direction. The white circle 
represents voids of trapped air within the glaze layer. 
 
Figure 31: SEM image of machined and glazed Vita Mark II inside wear groove under 500x 
magnification. The underlying ceramic structure was exposed after the glaze layer penetration, 




Figure 32: SEM image of machined and glazed of Mark-II under 2000x magnification inside 
wear groove. A white arrow indicates the presence of Micro crack, and a circle indicates sharp 
asperities. 
SEM images showed that the surface of the machined (unglazed) InCoris Zirconia became 
more polished and smooth after the wear test (Figure 33). On higher magnification, minor flaws 
and micro cracks were identified in the wear groove (Figure 34, 35). There were no wear particles 
observed in the wear groove under higher magnification. 
SEM images also revealed that the surface of glazed InCoris Zirconia became rougher after 
the wear test. Scratches were observed along the sliding direction (Figure 36). Multiple voids were 
identified in the glaze layer, especially near the sides of the wear groove (circle in Figure 36).  
These were trapped air bubbles formed during the glaze firing stage. Under higher magnification, 
large areas of detached zirconia material and some holes were identified (Figure 37). Micro cracks 
and plowing lines were also identified in the wear groove (Figure 38). Micro cracks formed in the 
holes, spread, and resulted in the spalling and pull-out of material particles from the surface. 
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Figure 33: SEM image of machined InCoris Zirconia (unglazed) under 20x magnification 
showing the wear groove after wear test. The white arrow indicates the wear path direction. 
 
Figure 34: SEM image of machined InCoris Zirconia (unglazed) under 500x magnification inside 





Figure 35: SEM image of machined InCoris Zirconia (unglazed) under 2000x magnification 
inside the wear groove. Arrows indicate the presence of micro cracks and surface damages. 
 
Figure 36: SEM image of glazed  InCoris Zirconia under 20x magnification showing the wear 
groove after wear test. The white arrow indicates the wear path direction. The white circle 
represents voids of trapped air within the glaze layer. 
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Figure 37: SEM image of glazed InCoris Zirconia under 500x magnification of Zirconia inside 
the wear groove. The underlying ceramic structure was exposed after the glaze layer was 
penetrated, revealing a rough surface. 
 
Figure 38: SEM image of glazed InCoris Zirconia under 2000x magnification inside the wear 
groove. A white arrow indicates micro cracks, and a dashed circle shows the plowing line. 
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SEM images showed that the polished (unglazed) Vita Enamic had abrasion features. After 
completing the wear test, the Vita Enamic surface became rougher, and scratches were aligned 
with the sliding direction (Figure 39).  SEM images at higher magnifications revealed the 
microstructure of the materials, which contained ceramic particles (Figure 40). Micro cracks were 
discovered in the ceramic-polymer interface as well as within the particles (Figure 41). 
Glazed Vita Enamic also showed abrasion features after the 900,000 cycles of wear test 
and glaze layer penetration (Figure 42). The SEM images revealed ceramic particle pull-out from 
the polymeric matrix and abrasion signs on the surface, increasing surface roughness. Before wear, 
the formation of micro cracks at the boundaries between the particles of the ceramic and polymeric 
networks reduced the mechanical support of the ceramic particles, possibly leading to fracture and 
detachment (Figures 43, 44). 
 
Figure 39: SEM image of polished (unglazed) Vita Enamic under 20x magnification showing the 
wear groove after wear test. The white arrow indicates the wear path direction. 
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Figure 40: SEM image of polished (unglazed) Vita Enamic under 500x magnification inside the 
wear groove. Wear surfaces appeared to have more rough and damaged patterns than unworn 
polished surfaces. 
 
Figure 41: SEM image of polished (unglazed) Viat Enamic under 5000x magnification inside the 
wear groove. The white arrows indicate micro cracks.  
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Figure 42: SEM image of glazed Vita Enamic under 20x magnification showing the wear groove 
after the 900,000 cycles of wear test. The white arrow indicates the wear path direction. 
 
 
Figure 43: SEM image of glazed Vita Enamic under 500x magnification after 900,000 cycles of 
wear test. The wear surface has more rough and damaged patterns than the unworn surface. 
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Figure 44: SEM image of glazed Vita Enamic under 2000x magnification inside the wear groove 
after completing 900,000 cycles of wear test. The white arrows indicate the micro cracks. 
 
3.3.1.2 Examination of Antagonist Specimens 
Antagonist (Vita Mark II) specimens were chosen and prepared for SEM examination. The 
images in this section were captured at magnifications of 50x. 
Antagonist specimens (Vita Mark II) used on IPS e.max CAD were examined under the 
scanning electron microscope, revealing abrasion features and scratches aligned with the sliding 
direction. The surface appeared to have a mix of rough and smoothened surfaces. This was 
observed in both glazed and unglazed IPS e.max CAD (Figure 45 A and B).  Arrows in (Figure 
45) identified chipping and fracture of the antagonist edges. 
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Figure 45: SEM images of Vita Mark II specimens (used as an antagonist) under 50x 
magnification after completing wear test. (A) The antagonist on unglazed IPS e.max CAD, and 
(B) the antagonist on glazed IPS e.max CAD. White arrows indicate chipped edges. 
 
The same observation was seen when antagonist specimens (Vita Mark II) were used on 
Vita Mark II when examined under the scanning electron microscope (Figure 46). More 
smoothened surfaces were identified in the antagonist on Vita Mark II than were observed in the 
antagonist on IPS e.max CAD. 
 
Figure 46: SEM images of Vita Mark II specimens (used as an antagonist) under 50x 
magnification after completing the wear test. (A) The antagonist on unglazed Vita Mark II, and 
(B) the antagonist on glazed Vita Mark II. 
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After completing the wear test (900,000 cycles), the antagonist specimens (Vita Mark II) 
used on Vita Enamic showed a very smoothed (almost polished-like surface). When glazed Vita 
Enamic was compared to unglazed Vita Enamic, slight rough streaks were observed (Figure 47). 
 
Figure 47: SEM images of Vita Mark II specimens (used as an antagonist) under 50x 
magnification after completing 900,000 cycles of the wear test. (A) The antagonist on unglazed 
Vita Enamic, and (B) the antagonist on glazed Vita Enamic. 
 
On InCoris Zirconia, the antagonist specimens (Vita Mark II) had scratches and abrasion 
aligned with the sliding direction. Surfaces appeared to be rougher with streaks of smoothed 
surfaces. The same observation was seen in both glazed and unglazed groups (Figure 48). Chipping 
and fracture of the antagonist edges were identified (arrows in Figure 48) 
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Figure 48: SEM images of Vita Mark II specimens (used as an antagonist) under 50x 
magnification after completing the wear test. (A) The antagonist on unglazed InCoris Zirconia, 
(B) the antagonist on glazed InCoris Zirconia, and arrows indicate the chipped edges. 
 
 
3.3.2 Three Dimensional Examination of Agonist Ceramic Using Optical Profilometer  
Agonist ceramic specimens were chosen and prepared for optical profilometer 
examination. The images in this section were captured and analyzed using a color-mapping 
technique to examine specimen wear patterns.  
3D images of Vita Mark II specimens were generated to a color scale that maps higher 
elevations in red and lower elevations in blue (Figure 49). Vita Mark II had the most increased 
wear depth among teste ceramics. Therefore, the wear groove was very prominent and deepened 




Figure 49: 3D images (Keyence profilometer, Terminal Software) of agonist Vita Mark II after 
wear test. (A) machined, (B) polished, (C) machined and glazed, and (D) polished and glazed. 
Images are color-mapped (red is high elevation, and blue is low elevation). 
 
3D images of IPS e.max CAD specimens were generated to a color scale that maps higher 
elevations in red and lower elevations in blue (Figure 50). The wear groove was evident in all 
surface treatments. Compared to Vita Mark II specimens, the wear grooves of IPS e.max CAD 
specimens appeared shallower. 
3D images of Vita Enamic specimens were generated to a color scale that maps higher 
elevations in red and lower elevations in blue (Figure 51). Vita Enamic ceramics demonstrated 
less wear depth of wear groove when compared to Vita Mark II and IPS e.max CAD. Glazed Vita 




Figure 50: 3D images (Keyence profilometer, Terminal Software) of agonist IPS e.max CAD 
after the wear test. (A) machined, (B) polished, (C) machined and glazed, and (D) polished and 
glazed. Images are color-mapped (red is high elevation, and blue is low elevation). 
 
Figure 51: 3D images (Keyence profilometer, Terminal Software) of agonist Vita Enamic after 
wear test. (A) machined, (B) polished, (C) machined and glazed, and (D) polished and glazed. 
Images are color-mapped (red is high elevation, and blue is low elevation). 
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3D images of zirconia ceramic specimens were generated to a color scale that maps higher 
elevations in red and lower elevations in blue (Figure 52). Because InCoris Zirconia demonstrated 
the lowest volume loss among other materials in this experiment, the wear groove was shallow in 
all surface treatments than other ceramics. Unglazed InCoris Zirconia showed a shallower wear 
grove than glazed InCoris Zirconia. 
 
 
Figure 52: 3D images (Keyence profilometer, Terminal Software) of agonist InCoris Zirconia 
after the wear test. (A) machine, (B) polished, (C) machined and glazed, and (D) polished and 






Chapter 4. DISCUSSION 
4.1 The Wear Simulator and Test Ceramic 
The purpose of this study was to conduct a laboratory experiment to evaluate the effect of 
glaze on the wear and mechanical properties of dental ceramics. This limitation therefore means 
that the results obtained cannot be extrapolated to the intraoral situation, as the environment is 
different and materials may not display the same performance. 
To study the wear behavior of dental materials, several laboratory wear simulators have 
been designed. At the moment, however, there is no universally accepted standard wear testing 
method.34 The pin-on-plate wear simulator used in this study is a popular method for studying 
wear.  
The wear simulator used in this study simulates two-body wear in a wet environment at a 
rate of 50 cycles per minute with a load of 1 Newton (100 grams). This appeared to be a study 
limitation because the load was less than the reported magnitude of masticatory forces on teeth 
during chewing (20 -120 Newton) at an average rate of 80 cycles per minute.48 Lower loads and 
fewer cycles were required to keep antagonist specimens attached to metal rods during the testing 
procedure. Deionized water was used as a lubricant to simulate the role of saliva in the oral 
environment. Despite the fact that saliva is a more effective lubricant due to its chemical and 
physical properties, deionized water provided adequate flushing of third body particles, which 
serve the purpose of this research study. Having a better understanding of the biological variables 
encountered in the oral environment aids researchers in appreciating and predicting the behavior 
of restorative materials when used clinically. 
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According to reports, Vita Mark II blocks are wear-resistant ceramic material comparable 
to human enamel. This has been linked to its comparable hardness properties and the fine particle 
sizes from which it is made.49 50 42 Accordingly, Vita Mark II was selected in this experiment to 
serve as antagonist materials (substitute of enamel). 
Volume losses differed significantly between ceramic materials (P value = 0.0001) and 
surface treatments (P value = 0.0015). Compared to Vita Enamic and InCoris Zirconia, glass 
matrix ceramic (IPS e.max CAD and Vita Mark II) showed more volume loss. This is consistent 
with the findings of a study conducted by Alec D. Zurek et al. in 2016, who observed greater wear 
of glazed and unglazed Lithium disilicate ceramics when compared to zirconia materials using a 
non-contact 3D microscope (white-light interferometry and scanning electron microscopy (SEM). 
Also, our study results are comparable to his findings in terms of glaze surface treatment. He 
demonstrated that glazed and non-glazed zirconia groups had less volume loss than lithium 
dislocate treated with the same surface method. Furthermore, glazed Zirconia and lithium disilicate 
exhibit greater volume losses when compared to non-glazed ones, which is consistent with our 
findings.43 
Our study measured the depth of wear grooves on ceramic specimens, and it showed 
significant differences (P value = 0.0001) between ceramic groups. The glazed specimens had a 
greater wear depth than the unglazed. In particular, InCoris Zirconia groups showed the least wear 
depth, which was expected. Zirconia has been reported as a wear resistance material in studies.45 
Also, if polished, it shows less wear of the opposing dentitions. 51 The glaze layer is brittle in 
nature with unavoidable porosities even if it’s well applied. When the opposing ceramic slides 
against the glaze layer, micro cracks form quickly, propagate, roughen surfaces, and increase 
glazed specimens' wear process. SEM images revealed that unglazed InCoris Zirconia, particularly 
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machined specimens, became smoother and had fewer flaws. This was also noticed with polished 
specimens. This could be explained by the phenomenon of “transformation toughening” in 
zirconia. Under stress, the tetragonal phase of stabilized zirconia transforms into the monoclinic 
phase, resulting in dimensional changes that prevent crack propagation.52 
 In this study, we attempted to standardize the dimensions and flatness (0.00 – 0.02 mm 
flatness tolerance) of both agonist and antagonist specimens to ensure the flat geometry of two 
sliding bodies during wear testing. However, there can be some slight differences in the contact 
area among specimens due to variations in dimensions and preparation procedures. Furthermore, 
SEM on higher magnifications reveals asperity and sharply raised areas on specimens before wear 
testing. This could account for the high friction observed during the initial stage of wear testing. 
On tested specimens, sliding started on a small contact area under a concentrated weight load. As 
a result, brittle fractures of surfaces asperities in contact occur, and friction increases. Asperities 
decreased over time, and more conformal adapting contacts are achieved. Thus, the pressure and 
fracture became low, resulting in reduced frictional forces and wear rate. This could explain our 
findings of high wear in glazed ceramics (in general) and glass-matrix ceramics (in particular) such 
as Vita Mark II and IPS e.max CAD. They had significantly more wear than the other groups in 
terms of height loss, volume loss, and wear depth.  
The study by Zurek et al. 2016 43 agreed with our findings, observing differences in friction 
evaluation when testing glass matrix ceramic and zirconia with polishing and glazing surface 
treatments. However, their conclusions regarding lithium disilicate wear versus zirconia differ 
from ours. In our study, glass matrix ceramic outperforms zirconia in terms of wear, which 
contradicts their research findings. 43 
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Wear of dental ceramic was also assessed in terms of vertical height loss of antagonist 
specimens when opposed by ceramic agonist specimens. When the height of the antagonist was 
compared to the different groups, a significant difference (P value = 0.0001) was observed. Since 
Mark-II was the antagonist material of choice, its vertical dimensional changes varied depending 
on the type of agonist material used, and the surface treatment applied. Height loss was more 
significant on glazed ceramic than on unglazed ones. Furthermore, machined ceramic surface 
caused more height loss than polished surface ceramic. 
The surface roughness of specimens was evaluated in chapter 2 using two different 
methods; contacting and non-contacting devices. Both can measure the typography of surfaces 
based using various methods. Ra is the arithmetic mean of the absolute values of the profile 
deviations from the mean line, and Sa is the extension of (Ra) arithmetical mean height of a line 
to a surface. Sa expresses, as an absolute value, the difference in the height of each point compared 
to the arithmetical mean of the surface. Both methods show a significant difference (P value = 
0.0001) compared with different materials before and after the wear test. The contact method of 
surface roughness is still the most common method used in many laboratory studies.  
Our study found a statistically significant difference (P value = 0.0001) between the surface 
roughness of all tested materials (Vita Mark II, IPS e.max CAD, Vita Enamic, and InCoris 
Zirconia) before and after the wear test. Despite the fact that one would expect surface roughness 
to increase after a wear test, InCoris Zirconia and IPS e.max CAD showed a smoother surface after 
glaze layer penetration and substrate material exposure. This is most likely due to the inherent 
microstructure of lithium disilicate (low fracture toughness) and zirconia (high fracture toughness) 
ceramics when opposed by feldspathic ceramic.43  
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Vita Enamic, on the other hand, showed a significant increase in surface roughness after 
wear testing. This is explained by the nature of feldspathic ceramic materials (used as antagonists) 
compared to resin interpenetrating matrix ceramic materials. Vita Enamic showed the formation 
of micro cracks when observed under SEM higher magnification. These micro racks between the 
ceramic particles and polymeric network reduce the mechanical support and perhaps leading to 
fracture and detachment. Vita Mark II is a feldspathic ceramic with dispersed crystalline phase in 
a glassy matrix, resulting in small asperities at the micro level that will leach in between contacting 
surfaces under a load. This means that friction will increase, resulting in more scratching and Vita 
Enamic wear. The friction decreases as the wear test progresses due to the flushing out of third 
body particles. Therefore, the antagonist will have more abrasion resistance and a smoother surface 
after wear. These findings are consistent with those in the study of F. Santosa et al. 2018 53, in their 
comparative study of the wear of a pair of human teeth/Vita Enamic vs. commonly used dental 
ceramics through chewing simulation.53 SEM images also showed that the antagonist of the 
Enamic unglazed group was smoother than glazed ones. 
The properties and structure of the materials play a significant role in the wear process, 
rather than the surface roughness of ceramic specimens. Finally, the ceramic materials can be rated 
in order of increasing surface roughness to Mark-II antagonist with respect to height loss after 
wear testing: Vita Enamic, Vita Mark II, IPS e.max CAD, and InCoris Zirconia. 
 
4.2 Limitation of This Study 
During this laboratory experiment, some limitations were encountered. First, the results of 
this study were obtained in a laboratory setting and could not be extrapolated to the intraoral 
situation. Because the intra-oral environment is different from the laboratory environment, the 
tested ceramic materials may not perform in the same way. Second, while the wear simulator used 
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in this study (pin-on-plate) is one of the most well-known wear testers in research use, it cannot 
control all aspects of the oral environment, such as temperature, pH, force direction, jaw 
movement, and so on. Finally, both the agonist and antagonist contacting surfaces were made in a 
flat geometry shape during wear testing. Due to slight differences in dimensions and preparation 
procedures, there may be some minor differences in the contact area between specimens. 
4.3 Future Study Recommendations 
 Some suggestions and recommendation for running such an experiment in the future: 
1. Consider conducting a three-body wear test on dental ceramic restorative materials with 
various surface treatments. 
2. Long-term clinical wear data should be considered to verify the correlation between 
laboratory and clinical wear data.  
3. Consider investigating the impact of multiple glazing and staining firing techniques on 










Chapter 5. CONCLUSIONS 
Within the limitations of our study, the following can be concluded: 
5.1 Wear of Vita Mark II (Antagonist) Against Ceramics 
1. Vita Enamic and InCoris Zirconia materials tested were significantly the most resistant to 
wear by feldspathic ceramic (Vita Mark II) when compared to other materials tested in this 
study (P value < 0.0001). 
2. IPS e.max CAD and Vita Mark II caused significant wear of feldspathic antagonist (Vita 
Mark II) (P value < 0.0001).  
3. Vita Mark II as an antagonist showed more vertical height loss when opposed by machined 
ceramics than polished ceramics (P value < 0.0001). The same effect (vertical height loss) 
was observed when opposed by glazed ceramics than non-glazed ceramics. 
4. Vita Mark II as an antagonist showed similar vertical height loss when opposed by polished 
and glazed ceramics more than machined and glazed ceramics. 
5.2 Wear of Ceramics with Different Surface Treatment Against Vita Mark II 
1. InCoris Zirconia was the most wear-resistant ceramic material among the tested groups. It 
showed the least significant volumetric loss compared to other materials. In terms of surface 
treatment, more significant wear was observed in glazed InCoris Zirconia than the polished 
ones, and more significant wear was observed in (machined and glazed) InCoris Zirconia 
than (polished and glazed). 
2. Glass matrix ceramics (Vita Mark II, IPS e.max CAD) was highly abrasive, with the highest 
volumetric loss and wear depth than the other materials tested (InCoris Zirconia TZI. And 
Vita Enamic). In terms of surface treatment, they showed significantly higher volumetric 
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loss and wear depth in glazed groups than in non-glazed groups. Vita Mark II and IPS e.max 
CAD showed more significant wear (machined and glazed) than (polished and glazed). 
3. Vita Enamic had significantly less wear behavior in terms of wear depth when compared to 
the other materials tested (Vita Mark II, IPS e.max CAD, and InCoris Zirconia). It also 
showed significantly less volumetric loss than Vita Mark II, IPS e.max CAD, and more 
volumetric loss than InCoris Zirconia. In terms of surface treatment, vita Enamic showed 
significantly higher wear behavior in polished groups than in machined groups. It also 
showed more wear in (machined and glazed) groups than in (polished and glazed) groups. 
4. Surface roughness differed significantly before and after the wearing test (P value < 0.0001). 
Generally, the tested ceramic materials (Vita Enamic, Vita Mark II, and IPS e.max CAD) 
with various surface treatments exhibited increased surface roughness after completing the 
wear testing. Vita Enamic groups had the roughest surface, followed by Vita Mark II and 
IPS. e.max CAD. InCoris Zirconia groups with various surface treatments, on the other 
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